The orthopalladated complexes are among the most representative Pd(II) compounds. They display a wide prospect of applications, but they are mainly known by their use as intermediates in metal-mediated organic synthesis. In this review we describe how palladacycles are used to build up new molecules through regioselective formation of C-halogen, C-O, C-N, C-P, C-S and C-C bonds, either under catalytic or stoichiometric conditions. This methodology is based on the selective incorporation of the Pd into the organic skeleton to be modified and subsequent reactivity of the Pd-C bond toward different substrates. In many cases this strategy is alternative or even competitive, improving standard organic methods. The most recent achievements of the last five years will be covered here, presenting only the most impressive results.
1.-INTRODUCTION
During the past half century, transition-metal organometallic compounds have undergone an impressive growth as subjects for research and applications in organic synthesis. 1 In this context, Pd-derivatives have been widely developed, 2 since they are readily available and easily prepared, and because it is easy to modulate their electronic and steric properties. They are also outstanding for their rich chemistry, due to the facile redox interchange between the two stable Pd(II)/Pd(0) oxidation states, and as a result of their compatibility with a great diversity of functional groups. 3 The cyclopalladated 4 complexes ( Figure 1 ), a special class of organopalladium derivatives, are cyclic species containing one Pd-C bond (alkyl or aryl) intramolecularly stabilized by at least one neutral donor atom (D). The insertion of carbon monoxide (CO) into the Pd-C bond of palladacycles has been thoroughly investigated since it is a suitable method for the stoichiometric synthesis of carbo-and heterocycles through C-C coupling under mild conditions. 4 In 1967, Takahashi and Tsuji were among the first authors to report this type of procedure. 6 They studied the carbonylation of dinuclear palladated azobenzenes 1, and the mechanism proposed by them consisted in the initial bonding of the CO to the metal (2) followed by the insertion into the Pd-C bond (3), reductive coupling and hydrolysis (4, Figure 2 ). Similar reactions have been successfully performed in a wide variety of complexes derived from benzylamine, 7a 1-naphthylamine, 7b and many other substrates. The nature of the donor atom is also very relevant, since it has been reported that CO insertion into S-containing palladacycles proceeds in milder conditions than those occurring on the Ncontaining congeners. 4 The isonitriles, which are species isoelectronic with CO, also react giving migratory insertions. 4,5f The treatment of orthopalladated dimer 5 with isonitriles lead to the cleavage of halide bridges to give isonitrile-bonded products 6
( Figure 3 ), 5f which evolve on heating to give dimeric iminoacyl complexes 7. In the same way, indazolines are prepared by the reaction of azobenzene cyclopalladated 1 with isonitriles. 8b,c In some cases, multiple insertions are possible and a triple isocyanide insertion on arylpalladium complexes has also been reported. Other well known C-C bond forming process is the reaction of palladacycles with internal alkynes. 9 The cyclopalladated complexes with N as donor atom are the best precursors to undergo alkyne insertion, since they are more reactive than the corresponding palladacycles containing S or P as donor atoms. 4 It is difficult to control the number of inserted alkynes, since mono-and multi-(usually two or three) insertions can occur. The latter are the most frequent due to the high reactivity of the Pd-C bond, although the reaction conditions, the type of alkyne and the ancillary ligands have a clear influence over the outcome of the reaction. 9 The reaction of cyclopalladated N,Ndimethylferrocenylamine 8 with internal alkynes gives the product of double insertion (9, Figure 2 , left), 9a,b while cyclopalladated complex of benzylpyridine 10 gives a monoinsertion product.
9c,d
The insertion of asymmetric alkynes usually occurs regioselectively, in such a way that the smallest group is located on the side of the palladated carbon atom. If the steric hindrance is similar at both sides of the alkyne, then the electronic requisites are relevant to govern the regioselectivity. For instance, the insertion of PhC≡CCO 2 Et into the Pd-C bond leaves the electron-withdrawing CO 2 Et group located near to the palladated carbon atom (Figure 4 , right). derivatives 15, 4,5f,10 as shown in Figure 6 for the coupling of the palladated complex 5
and a vinyl ketone. 9a Only terminal alkenes H 2 C=CRR' (R, R'=H, Ph, MeCO, EtCO, MeCO 2 ) are reactive in these processes. 10 In some cases the insertion of the alkene is alternated with the insertion of CO. The reaction of allenes with palladacycles plays a significant role in the preparation of organic products and proceeds through the insertion of the allene into the Pd-C bond to give a π-allylpalladium intermediate. 4,5f The palladated tetralone ketimine 16 reacts with stoichiometric amounts of 1,1-dimethylallene 11 to afford a mixture of regioisomers resulting from the nucleophilic attack of the iminic nitrogen on both terminal carbons of the π-allyl group (Figure 7 ). The reaction is under kinetic control, and the N atom attacks to the allyl unit at the most substituted allylic carbon, giving the less crowded transition state. The kinetic product 17 can be converted to the thermodynamic isomer 18 by reflux with catalytic amounts of Pd(PPh 3 ) 4 .
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Figure 7 The reaction of the cyclometallated complexes with halogen sources produces, in most cases, the halogenation of the metallated position, providing a convenient route for the synthesis of halogenated compounds. It is known that the halogenation of arenes, bromination in particular, is one of the most selective electrophilic reactions affording, almost exclusively, para-substituted products. The use of cyclometallated complexes, for instance 19, changes the selectivity in favor of ortho-substituted compounds 20
( Figure 8 ). 9a,12a Precedents were found in the synthesis of ortho-halogenated products from acetanilide, 12b 2-pyridylferrocene 12c or dimethylaminoferrocene. 12d Palladacycles can also perform regiospecific reactions with acyl halides to give 2-acyl derivatives. 4, 13 The reactions take place better with electron-releasing substituents on the aromatic ring. Figure 9 ) have been used as precatalysts in a great variety of cross coupling reactions (Heck, Suzuki, Stille, Sonogashira, Negishi, etc) . 3,5i,15 However, in many cases, the palladacycles are just a reservoir of some sort of Pd(0) (nanoparticles, for instance), which are the true catalytic species. This kind of reactions are still one of the main focus of research and significant advances are expected on this topic. This part it is out of the scope of this review, and no further mention will be made in this revision. The range of available reactions involving palladacycles has been increased in the last five-six years due to the introduction of oxidative couplings. Therefore, in addition to the reactivity already presented, new processes for the formation of C-O, C-N, C-S and C-C aryl bonds have been developed. The methodology that will be presented here can be competitive, or at least alternative, with respect to classical organic procedures.
Moreover, in some cases it is catalytic in palladium, improving standard methods. The achieved improvement is recognized by the fact that part of a recent volume of Chemical Reviews has been devoted to this topic. 
2.-CARBON-HALOGEN BOND FORMATION
The selective halogenation of aromatic molecules is a strategic transformation due to the multiple roles displayed by halogenated species in organic chemistry. For example, they are essential components of a considerable variety of pharmaceutical, agrochemical or bioactive natural products, 19 as well as key precursors in cross-coupling reactions 20 and in the synthesis of organolithium 21 and Grignard reagents. 22 The use of cyclopalladated compounds as intermediaries for the introduction of the halogen functionality has emerged in the last decades as a very attractive strategy because it displays a total regioselectivity for ortho-halogenated compounds, thus providing a complementary method to the most commonly used approaches such as electrophilic 6 aromatic substitution or directed-lithiation. Moreover, it eliminates the need to use electron-rich substrates or strong acids/bases.
Halogenation through cyclopalladated compounds employing directly X 2 (X= I, Br, Cl) as a source of the halogen is a reliable approach for the synthesis of organic halogenated molecules, availed by a substantial number of literature reports in the last decades (see also Introduction). 23 Recently this strategy has been applied successfully to the stoichometric ortho-functionalization of several aminoacids 25-28 ( Figure 10a,b) .
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In the case of (R)-phenylglycinate methyl ester 28 the reaction takes place with partial enantioselectivity, and values of ee up to 87% are obtained. Figure   10d ), although the presence of inorganic bases, organic bases or tetralkylammoniun salts was needed to achieve high conversions of 33.
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Currently, considerable amount of work is devoted to find more convenient sources of the halogen atoms for these Pd-mediated reactions. Several halogenating reagents have emerged as practical alternatives, N-halosuccinimides being the most frequently employed among them. The ability of this family of molecules to halogenate compounds, primarily by electrophilic aromatic substitution reactions, is wellestablished in organic synthesis. 27 Interestingly, mediation through cyclopalladation could alter totally the regiochemistry observed, increasing notably the range of halogenated substrates accessible from the same precursor. The reaction between the aromatic oxime 34 showed in the Figure 11a and NBS (N-bromosuccinimide) furnishes 28, 29 In spite of the success achieved with these halogenating reagents sometimes they act as an excessively reactive source of the halogen, causing the formation of undesired products, for example poly-halogenated compounds. In some of these cases the use of "milder" halogenating regents have permitted to overcome the problem. The use of CuCl 2 or CuBr 2 has been proved as a very interesting option, which for instance permits to carry out the ortho-chlorination of amides 40 in a selective way (41) , while the employment of NCS afforded the para-substitued derivative 42 as major product ( Figure 11c ). 30 Interestingly, totally selective protocols for the mono orthohalogenation of arylpiridines 43 have been developed very recently (44, Figure 11d ,e).
The first one is based on the use of catalytic CuCl 2 and PdCl 2 (NCMe) 2 in combination with stoichiometric ArSO 2 Cl, species which were postulated as the ultimate sources of "Cl". 31 In the second one, an innovative halogenation approach based on the combination of Pd and electrochemical oxidation permits to functionalize arylpyridines 45 to give excellent yields of 46, and eliminates the need to remove the remaining oxidant or its byproducts. 32 In this method HX (X=Cl, Br) play a dual role, working as both supporting electrolyte and source of the halogen. Hypervalent iodine reagents, principally PhICl 2, also have been proved as competent halogenating agents. However, modest yields and low selectivity are typically observed with these reagents, due to the presence of competing side reactions. 28, 29, 33 Although limited applications in synthesis are displayed by these reagents, their powerful oxidant character has been exploited for the generation of 
3.-CARBON-OXYGEN BOND FORMATION
The direct oxygenation of C-H bonds represents a powerful approach for the synthesis of alcohols, ethers, and related products, species which display widespread applications in the chemical industry and are invaluable precursors in organic synthesis. 37 In particular, the selective oxygenation of C-H bonds of organic molecules via combination of cyclopalladation and oxidation has emerged as a very attractive 9 strategy. Over the last decade, this method has been proven particularly fruitful for the production of acetoxy and alkoxy functionalizated derivatives, either in catalytic and stoichiometric versions. These transformations have been applied to numerous organic scaffolds with different structures and occur with excellent regio-and chemoselectivities. While Pd(OAc) 2 has been the preferred choice for the metallic source, a considerable variety of oxidants have been employed to promote the formation of the ortho-oxygenated products. Among them, hypervalent iodine (III) reagents have undoubtedly received the most attention, due to their low toxicity, easy handling, and high reactivity. The most well-known representative of this family is the (diacetoxyiodo)benzene, PhI(OAc) 2 . However, the choice of the best oxidant has to be optimized in each case since there exist no universal oxidant.
Sandford and coworkers have developed a pioneering and simple protocol for the oxygenation of benzo[h]quinoline derivatives 57 under mild conditions ( Figure 14a ).
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The strategy is based on the combination of catalytic Pd(OAc) 2 and stoichiometric amounts of PhI(OAc) 2 , the pyridine acting as the directing group. The products 58 are acetoxylated at the less sterically hindered position, and are isolated in high yield when the reactions are carried out in AcOH. Remarkably, arylalkylether derivatives 59 are also accessible in excellent yields by a simple change of the solvent from AcOH to an alcohol ROH ( Figure 14a ). 38 The "in situ" formation of PhI(OR) 2 by reaction between the corresponding alcohol and PhI(OAc) 2 is believed to be a key step in these syntheses.
The acetoxylation protocol was further expanded to a considerable number of derivatives (43, (60) (61) (62) (63) , pyridine moieties serving as excellent directing groups ( Figure   14 b,c) as well as others nitrogen-based directing groups, like oximes 34, heterocycles or azobenzene ( Figure 14d ). 39 Pyrrolidinones 39 (64, 65) and N-benzylpicolinamides Regardless of the success displayed with PhI(OAc) 2 , the fact that one equivalent of toxic iodobenzene is generated, in concert with the high-cost of this stoichometric oxidant, sparked the search for other more environmentally benign and cost-effective oxidants. A polymer immobilized version of this reagent 70 has been tested in many acetoxilation processes by the Sanford group, 42 displaying comparable yields and offering the advantage that it can be easily recovered and recycled ( Figure 15a ).
Another interesting option is the use of IOAc as terminal oxidant, which was proven by the Yu´s group to be able to promote the Pd-catalyzed acetoxylation of Boc-protected N-methylamines 71 ( Figure 15b ). 43 The IOAc was generated "in situ" by reaction between AgOAc and I 2 , and no reaction was observed when AgOAc or I 2 were used separately. Several functional groups are tolerated in this protocol, like amides, ketones, esters and sulfonates. There is one significant drawback in absence of para substituents, because in some of these cases electrophilic iodination can took place simultaneously, generating the respective p-iodinated acetoxylation products.
One of the best alternatives to the use of I (III) ( Figure 15d ). 44 They found that the best oxidant is potassium persulfate, affording the expected product 73 in 77% yield. No reaction took place with O 2 as oxidant, only traces were produced with PhI(OAc) 2 , oxone ® or m-chloroperoxibenzoic acid, and modest yields were observed with tert-butyl hydroperoxide (TBHP). The generality of the reaction was investigated under the optimized conditions. The protocol exhibited an excellent tolerance to either electron-donating or electron-withdrawing substituents.
Recent work has showed that combination of oxone ® and Mn(OAc) 2 is capable to promote the acetoxylation of unactivated Csp 3 -H bonds in amidoquinolines 74 ( Figure   15e ). 45 An intermediate of this reaction was isolated and fully characterized, including X-ray diffraction. The structure shows a palladacycle with both the amide and the quinoline bonded to the metallic center. This kind of bonding seems to facilitate the activation of the typically inert Csp 3 -H bonds, affording 75. The reaction was further applied to aminoacid derivatives with high levels of diasteroselectivity and conversion.
Another interesting example of oxygenation of Csp 3 -H bonds has been recently described ( Figure 15f ). 46 In this approach MeCO 2 O-t-Bu and lauroyl peroxide were found to be competent oxidants for the Pd-catalyzed acetoxylation of oxazolines 29.
The reaction is compatible with several additional functionalities like imides, esters, of O 2 . 48 From both an environmental and economic point of view the finding that molecular oxygen is a competent oxidant represent an exceptional advance.
The generally accepted mechanism for these C-O bond forming reactions involves an initial generation of the cyclopalladated compound, usually through C-H bond activation. The palladacycle undergoes a two-electron oxidation, with subsequent formation of the C-O bond by reductive elimination. However, it has proven challenging to directly investigate the proposed oxidation and reductive elimination steps. In particular, the mechanism of C-H oxygenation with PhI(OAc) 2 has been explored in considerable detail. Initial studies 49 indicated the participation of monomeric Pd(IV) as intermediates in these processes, meaning that Pd(IV)/Pd(II) cycles are involved in the mechanistic description. However, recent work has disclosed evidences for the intermediacy of bimetallic Pd(III) species with carboxylate bridges in the acetoxylation of phenyl pyridines. 50 These contributions had set up a debate over the question if analogous Pd(III) species are also responsible for a large class of C-H oxidations previously proposed to proceeded via Pd(IV) intermediates, especially when there are available OAc ligands. Besides PhI(OAc) 2 , considering the large variety of substrates and oxidants employed, the elucidation of the mechanism operating in each case is an intricate task, which is yet to be solved, and constitutes one of the challenges for the future.
4.-CARBON-NITROGEN BOND FORMATION
The transition metal-mediated carbon-nitrogen bond formation is an active research subject, 51 since compounds containing C-N bonds are of immense importance in many areas of chemistry. For instance they are found in abundance in pharmaceutical agents or materials, natural bioactive products and so on. The methodology based on the combination of both cyclopalladation and oxidation in the presence of an appropriate Nsource offers an attractive route for the direct conversion of C-H bonds into C-N bonds with remarkable regio-, stereo-and chemioselectivities, in an analogous way as During the last years of the past decade J.-Q. Yu and coworkers described an impressive method for the synthesis of indolines 92, which is based on intramolecular amination reactions carried out over arylethylamines 51 (Figure 18c) . In a first approach, 57 they used a tandem C-H bond-iodination/C-N bond forming reaction by combination of Pd(II) and Cu(II) catalysts. Although the strategy proved to be valid for the synthesis of indolines 92, undesired acetoxylated or halogenated products were generated as by-products. In an improved version, 58 several one-or two-electron 14 oxidants were used, additionally to the catalytic Pd(OAc) 2 , to promote the cyclizations.
Between the single electron oxidants, anhydrous Ce(SO 4 ) 2 performed the best results, allowing for the selective amination in good yields in most of the substrates tested.
However, poor yields were found when the starting materials had electron withdrawing groups such as halides and esters. This drawback was resolved by the employ of two electron oxidants, specifically F + , generated "in situ" using the pyridinium salt [2,4,6- A novel and straightforward method to construct benzoimidazoles 97 was developed by Yang, Shi et al, 61 which is based on the transformation of N-phenylbenzimides 95 into the aforementioned heterocycles 97 by means of palladacycles 96
followed by intramolecular C-N bond formations (Figure 18f ). Initially, stoichiometric syntheses were carried out employing PdCl 2 to promote the cyclopalladation. The palladacycles 96 were fully characterized, including X-ray crystallography, and were found to undergo reductive elimination to form the desired products in the presence of NaOAc without the need for any oxidants. A catalytic version of this transformation was developed. The best conditions found were catalytic amounts of [PdCl 2 (NCPh) 2 ] in combination with stoichiometric Cu(OAc) 2 under O 2 atmosphere. Interestingly, the presence of tetramethylthiourea (TMTU) as additive improved dramatically the yields, probably due to its potential ability to stabilize Pd(II) species. 61 The substitutions on the aromatic moieties were crucial for the success of the reaction, since only electrondonating groups were compatible.
An innovative tandem amination approach, which allows for the transformation of easily accessible o-haloaryl acetylenic ketones 98 and primary amines into valuable 4-quinolones 99, was developed by Xu and collaborators in recent times. 62 In this original strategy, a sequential double C-N bond formation is exploited for the construction of the mentioned nitrogen-containing heterocycles (Figure 18g 
5.-CARBON-SULFUR AND CARBON-PHOSPHORUS BOND FORMATION
Few examples of C-S bond formation processes mediated by palladacycles have been reported in spite of a promising beginning using stoichiometric amounts of Pd. 65 In most cases these transformations involve intramolecular reactions. The first example of 16 an intramolecular catalytic process was developed by Inamoto and Doi (Figure 19a As far as we know, the only example of intermolecular C-S bond formation was recently reported by Dong et al. 68 The approach developed allows for the functionalization of 2-phenylpyridines 55 (Figure 19d 
6.-CARBON-CARBON BOND FORMATION: ARYLATIONS
Palladium-catalyzed C-C Ar bond forming reactions are extensively applied in organic synthesis. The great majority of these processes (Heck, Suzuki, Stille, Sonogashira, Hiyama and Negishi, among others) involve two functionalized starting materials, usually an halide and an organometallic reagent. 70 Several alternatives have been developed involving two main transformations: (i) a Pd-mediated C-H activation step followed by (ii) a functionalization of the resulting Pd-C bond employing arylating reagents. These strategies are compatible with the formation of cyclopalladated complexes 4 in step (i), allowing for the regioselective formation of the C-C Ar bond in step (ii) due to the assistance of the directing group. During the last years there has been an agitated activity in this field, 18a,71 due to the critical importance and wide prospect of applications of these processes in organic syntheses. Some aspects of the C-C bond formation will be covered here: intermolecular arylations from prefunctionalized and from non prefunctionalized substrates, intramolecular arylations, and other types of C-C bond couplings, such as carbonylations, alkenylation, cyanation, and others.
Catellani and co-workers have developed processes involving many different arylations of norbornene through catalytic sequential reactions. An example is shown in Figure 21 , and implies palladacycle-directed aryl coupling steps. Concerning to the mechanism of these reactions, a similar situation to that described for the halogenation and oxygenation processes (sections 2 and 3, Figure 12 ) is found.
Preliminary studies allowed to propose a mechanism in which initial C-H activation In all the examples discussed up to here, the aryl fragment was prefunctionalized with an heteroatom (halogen, boron) or a functional group (peroxides). In some cases this additional functionality is not necessary, since a double oxidative coupling occurs.
Sanford reported a Pd-catalyzed intermolecular oxidative C-C-coupling reaction for 2-arylpyridine derivatives 55, employing oxone ® as oxidant. 82 The proposed mechanism is illustrated in Figure 27 . The palladation of 55 affords cyclometallated 116. The subsequent step is its oxidation to a Pd IV complex 121. The critical step is a second cyclometallation of arylpiridine 55 promoted by the Pd IV center giving 122. Finally, the C-C bond forming reductive elimination occurs to give homocoupled compound 123. The same group has studied the stoichiometric insertion of small unsaturated molecules into a Pd-C carbon bond. These studies cover a wide prospect of substrates, as carbodiimides, isothiocyanates, nitriles, CO or cyanamides. and experimentally (new substrates, oxidants, applications, and so on). It is clear that the work in this area is not finished at all, and that it should be desirable to test more substrates, directing groups, reagents and oxidants, in order to obtain access to widest scope of families of compounds. 
